This paper investigates experimentally the extraction-decisions of a sole-owner of a fishery, the population dynamics of which behave according to the standard deterministic logistic growth model. Four treatments were implemented which differed in the level of information supplied to the experimental subjects. The theoretical solution was used to evaluate the behaviour of the subjects in the experiment. The experimental data reveal high efficiency losses due to the lack of information about population dynamics, with efficiency varying across treatments and with the amount of information.
Introduction
Renewable resources are those for which the stock can be continually replenished. Fishery resources are renewable. However, if (through human activities or otherwise) the population of some species is drawn down beyond a critical threshold, the species can become extinct. A recent concern has been with the dramatic decline in the populations of several valuable fish species such as cod, halibut and haddock. Since the seminal article of Gordon (1954) , difficulties in effective management of fisheries have been attributed to the resource's peculiarity of being a common property. However, due to the new law of the sea (established in 1982) more than 90 percent of fish resources are now under the exclusive jurisdiction of coastal states and can, thus, be protected. Every year a total allowable catch (henceforth TAC) rate is determined. The TAC is allocated among the fishermen, the individual quotas are transferable and can be reallocated through a market for certificates. In theory an optimal resource management results. In practice, however, errors might occur when the decisionmaker determines the TAC, because the size, growth and population dynamics of the fishery are not exactly known. As one consequence, the estimated stock-size of the species is likely to be different from the actual one.
The importance of the accuracy of stock surveys, and of the knowledge of the growth function, for the purpose of establishing the TAC is considered in this paper. We set up a laboratory study to measure the efficiency of the extraction-decisions in a deterministic environment under different informational conditions. We find that if the growth function is known, subjects' extraction-decisions are nearly twice as efficient as when the growth function is not known. Furthermore, accuracy of the stock estimate enhances the decisionmakers' efficiency only if the growth function of the species is known. The paper is organised as follows. I would skip the infinite horizon stuff and move straight to the finite horizon. Departing from the classical logistical growth model, we point out in the subsequent (second) section the similarity of the optimal extraction plan in the infinitehorizon problem and in the finite-horizon problem. In the third section we present the design of the four experimental conditions in which experimental subjects were confronted with different levels of complexity. In the fourth section the results of our study are presented, and the fifth section discusses the results and relates them to the received literature.
Theoretical considerations
Insert Figure 1 about here Consider the standard logistic growth function of biomass x t (as depicted in Figure 1 ), F(x t )=rx t (1-x t /K), where r>0 denotes the species' intrinsic growth factor and K>0 denotes the carrying capacity. In the open-access fishery, the equilibrium level of the resource stock is determined by the ratio of harvesting cost to the price of the resource. Given costless harvesting in a commercial fishery (as in the experiment), the species will be extinct for any positive price. If the intrinsic growth-factor r is smaller than the interest rate δ and costs are equal to zero, extinction may be the only solution even in the optimal harvesting policy. Let the discount factor be denoted by ρ=1/(1+δ), let the price be normalised to one and let harvesting costs be equal to zero, the optimal extraction policy in the infinite-horizon management problem can be determined as the solution to the following programme. Here, x t denotes the stock before extraction, z t denotes the stock-size after extraction and y t (the control variable) denotes the extraction in period t. The maximisation problem can be solved by means of optimal control theory: the Hamiltonian present value function is given as
Applying the logistic growth function and making use of the fact that in the steady state the stock remains constant, x t+1 =x t , we can determine the steady state harvesting level (y*=F(x*)) and the steady state stock-size, x*.
The optimal approach path to the steady state in the infinite-horizon management problem is the most rapid one.
1 Given the fishery is initially in the pristine equilibrium (i.e., without harvesting), such that x=K, and there are no capacity limits, the first extraction induces the steady state standing stock, i.e.,
Since the infinite-horizon maximisation problem is difficult to implement in the laboratory, we consider also the corresponding finite-horizon decision problem. Let the fishery start out in the absence of harvesting, the decision-maker's objective function is
The optimal solution to this problem can be calculated by means of Bellman (1957) 's principle of optimality. Define J n (x) as the maximum total value when only n periods remain, and the state variable at the outset of these n periods is x. Thus, beginning with the last period, the decision-maker faces the following problem. Note that the extraction plan in the finite-horizon management problem coincides with the one in the infinite-horizon case (exclusive of the last period when the resource has to be extinguished). Since both problems yield the same solution and the infinite-horizon problem is difficult to implement in the laboratory, in what follows we tackle the fishery management problem in a finite-horizon setting.
The experimental design
In the experiment, a subject had to decide hundred times on the TAC, i.e., how much to extract from a privately owned resource stock. The extracted units were saved on the subject's account and the growth function was applied to the units that remained in the resource stock after an extraction. The discount rate was δ=0. The applied growth function was logistic with a carrying capacity of K=1000 units and the intrinsic growth parameter was r=1.5. The initial stock-size coincided with the carrying capacity, x 0 =K=1000.
Insert Table 1 about here Four treatments were considered in the experiment which differed in the level of on-screen information; in Table 1 an overview is given. Before every extraction the subject was posted a signal revealing information about the resource's stock-size. This signal was accurate in the Treatments T1 and T3, i.e., equal to the resource stock x t , and in the other 2 treatments noisy, i.e., the signal was equal to the resource stock multiplied by a random draw from the interval [0.75,1.25]. In the Treatments T1 and T2, an on-screen facility (in Table 1 referred to as information about growth) was provided by means of which a subject could anticipate the consequences of any possible extraction for the nearest future before she/he confirmed an extraction. 2 Subjects were instructed accordingly.
3
The experiment was computerised 4 and of no-label, i.e., subjects were asked to maximise the savings on their accounts. The research interest in the experimental setting was whether efficiency would increase significantly if the amount of information was increased. Therefore, the individual payoff at the end of the experiment was determined relatively to the subject's efficiency performance: the units that the subject held on the account at the end of the experiment were divided by the maximal possible savings (i.e., 38125, though unknown to the subject). 5 The, thus, attained individual efficiency-ratio was multiplied by the maximal payoff which differed from treatment to treatment. 6 If a subject extinguished the resource before having entered 100 extraction-decisions the experiment would end instantaneously, regardless of the number of decisions entered so far. In order to limit erroneous extractions from the stock, the subject would be forewarned if the extracted number of units exceeded the signalled units; at the other extreme, an extraction-decision of no unit was forewarned, also. In addition, before the 100 th decision was going to be taken, the subject was informed that there was no further extraction afterwards. The preceding extractions and on-screen information, including the stock-signal before and after extraction as well as the resulting savings, were provided in a history-window which the subject could access at any time of the experiment.
The experimental results which are reported below refer to 48 independent observations. 
Experimental results
Insert Table 2 about here In Table 2 the achieved individual efficiency-ratios are recorded. From these efficiencyratios it seems that the accuracy of the stock signals mattered only if subjects received information about the growth of the resource. A Mann-Whitney two-tailed test of the nullthe fifth column. Additionally, the subject received such information in a scroll-box for any possible extraction she/he would insert. Finally, if the subject was sure about extracting a certain number of units from the resource stock, she/he had to confirm the selection by pressing a button.
hypothesis that extractions in the treatments T3 and T4 are equally efficient yields a p-value of p=.378 and can thus not be rejected at a significance level of α=.05. Comparing the efficiencies of T1, T2 and T3, respectively, by means of the same two-tailed Mann-Whitney tests, we find p-values of p=.045 for the T3-T2 pair, and p= .014 for the T1-T2 pair. These results confirm that subjects' extraction-decisions in T1 were significantly more efficient than in T2 (at α=.05), and, respectively, in T2 more efficient than in T3. Subject's mean efficiency in T4 (T3) equalled 54% of subjects' mean efficiency in T2 (T1). We conclude that the knowledge of the resource's growth-function is crucial to achieve a high efficiency; the same results extend to the restricted data over the last 20 extractions which are not detailed here. Table 2 summarises, additionally, certain aspects of subjects' harvesting policies relative to the optimal one. Moreover, the difference between the actual and the optimal extraction for a given stock signal were calculated. If the difference was positive/negative, the subject over-/under-harvested. By means of two-tailed Wilcoxon signed-rank tests the nullhypothesis that these differences were positive as likely as negative was tested for each subject. The null was rejected 46 out of 48 times (96%) at a significance level of α=.05; 26 times in favour of significant individual under-harvesting, 20 times in favour of significant individual over-harvesting. We conclude that subjects did not use the optimal extraction policy and usually did not apply a policy symmetric around the optimal extraction plan, either.
This pattern did not change throughout the 100 extractions, although in T3 and T4 at least half of the subjects managed to enhance the efficiency of their extractions through time. Table 2 indicates significant correlations (at α=.05) between the squared distances of observed individual extractions from the optimal ones and time.
Whether subjects policy induced over-or under-harvesting depended on the individual behaviour of the subject. The individual decisions can be deduced from Figure 2a - Figure 2d (in the Appendix) which review the stock that remained after each of the hundred extractions.
In the figures, over-harvesting corresponds to a stock-size below the optimal path and underharvesting to a stock-size above the optimal path. Generally, in T4 subjects seemed more cautious about not depleting the resource than in the other treatments. Aggregated over the treatment, we find through a Wilcoxon signed-rank test that in T3 and T4 under-harvesting was significantly more frequent than over-harvesting (p=.000), and in T1 over-harvesting was significantly more frequent than under-harvesting (p=.000).
In the optimal extraction plan, the post-extraction stock-size should be constant, except in the final period when the extraction should extinguish the resource. We find for 34 (71%) subjects in the experiment a significant non-constant stock-size/signal, as the results of twotailed Spearman-rank correlation tests of the null-hypothesis that the stock-size/signal is not correlated to time (considering extraction decisions 1-99). Only a minority of subjects did extinguish the resource with the final extraction: 7 (8) subjects ended the experiment with 0 a zero stock-size (signal), and 12 (15) with a stock-size (signal) of five or less units; 35 out of 47 subjects (74%) left more than 5 units in the fishery.
Discussion
Due to the problems of implementing an infinite-horizon setting in the laboratory we considered the fishery management problem under a finite-horizon condition. This differed from other fishery experiments as in Moxnes (1998) or Mason and Phillips (1997) . 7 These studies induced "infinite" horizon tasks which induced 20 or (respectively) 35 extractions. As in these studies, extinction of the resource was not a problem in our experiment, either; we did not even observe over-harvesting in all treatments as Moxnes (1998) did. Nevertheless, at least half of the subjects decreased their standing stocks significantly over time.
Efficiency of extraction-decisions was on average 25% higher if the stock signal was accurate, 8 and 84% higher if the growth-function was revealed to the subjects. Subjects' harvesting policy was significantly more efficient given an accurate stock-signal only if the growth function was known; and the spread of efficiencies between subjects in a treatment was smaller with knowledge of the resource's growth. It suggests that population surveys which stress the reproduction activity of the species increase the efficiency of extractiondecisions considerably.
However, our observation of subject's failure to extinct the resource in the final decision indicates that most subjects did not realise that the last extraction-decision was different from the earlier ones. Therefore, it is rather doubtful, whether recommendations to the politician can be drawn from experimental results, and it questions the practices of some laboratory studies in which final stocks are evaluated at fixed rates since it is not incentive compatible. 7 Mason and Phillips considered a dynamic extraction game in which they varied the number of extractors from the common pool. Moxnes (1998) reported an experiment in which a sole-owner of the resource had an indirect control over the extractions by setting the fleet-size. The optimal solution in Moxnes' experiment could only be determined numerically and only the subject with the high-score received any prize. 8 Note that the stock-signal varied by 25% around the actual stock-size.
We consider this paper as a contribution to the literature on effective management under dynamic complexity in the laboratory. As in Sterman (1989a) we observed oscillations of the state variable, i.e., the standing stock, which did not vanish during the experiment (not even in the simplest setting). Sterman (1989a Sterman ( , 1989b argued that in dynamically complex experimental economic systems such oscillations would arise from subjects' misperceptions of feedback; and Paich and Sterman (1993) found poor learning of subjects in complex environments.
In following studies we intend to conduct studies with an increase of complexity by introduction of positive interest rates, costs, and endogenous prices. The logistic growth function which we considered in the experiment seems to be ideally behaved to provide the experimenter with a rich research environment: the unique optimal solution to the maximisation problem can be calculated, although it is not easily recognised by experimental subjects. Note: *Two-tailed Wilcoxon-test results; significant at α=.05-level; H 0 : Prob(observed extraction<optimal extraction) = Prob(observed extraction>optimal extraction) vs. H a : H 0 is false; -/+ indicates that the subject rather under-/over-harvested † In T2, one subject depleted the resource within 19 extractions; for the 19 th extraction-decision she received a signal that was too high. Her extraction, 2 units less than signalled stock, exceeded the actual stock-size. !|" Two-tailed Spearman rank correlation test; significant at a=.05-level; H 0 : r S ((observed extraction-optimal extraction) 2 ,time)=0 vs. H a : r S ()≠0.
